INTRODUCTION
Acute central nervous system (CNS) injury is a major cause of prolonged morbidity and mortality in the adult population. Although this class of inflictions is comprised of two distinct pathologies, namely traumatic impact and stroke, it represents a common challenge in therapeutic development. More specifically, our current understanding of underlying pathological and protective mechanisms and their contribution to injury outcome is still greatly limited by the intrinsic complexity of the CNS and the difficulty to develop adequate models for investigating disease and evaluating potential therapies (1) (2) (3) (4) . Although substantial research efforts and many clinical trials have been conducted, no specific therapy for CNS trauma is currently clinically available, whereas tissue plasminogen activator (tPA) remains the only approved agent for treating ischemic stroke patients.
Despite varying initial causes of primary injury, CNS trauma as well as ischemic or hemorrhagic stroke share the common detriments of reduced blood flow and energy failure, resulting in cell death and tissue loss. Common mechanisms of cell damage include excitotoxicity, calcium overload, oxidative stress, acute inflammation and apoptosis (2, 5) . These similarities raise the notion that common therapeutic strategies may be useful in these settings. Indeed, strategies aimed at neutralizing mediators such as reactive oxygen species, inflammatory cytokines and pro-apoptotic factors have been considered for both stroke and trauma treatment (2, 6) . Enhancement of plasticity and repair mechanisms has also been the focus of extensive research in both contexts (7) (8) (9) .
Interestingly, disruption of cellular acetylation homeostasis of histones and other proteins has recently been recognized as yet another common feature in neuropathological states (10) . In particular, several studies have demonstrated that neurodegeneration is associated with a global decrease in histone acetylase transferase (HAT) activity, resulting in relative over-deacetylation (11, 12) . In light of this, histone deacetylase (HDAC) inhibitors were tested for therapeutic efficacy in various neurodegenerative diseases, yielding promising findings in models of Huntington disease, amyotrophic lateral sclerosis and experimental autoimmune encephalomyelitis
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Histone deacetylase (HDAC) inhibitors are emerging as a novel class of potentially therapeutic agents for treating acute injuries of the central nervous system (CNS). In this review, we summarize data regarding the effects of HDAC inhibitor administration in models of acute CNS injury and discuss issues warranting clinical trials. We have previously shown that the pan-HDAC inhibitor ITF2357, a compound shown to be safe and effective in humans, improves functional recovery and attenuates tissue damage when administered as late as 24 h after injury. Using a well-characterized, clinically relevant mouse model of closed head injury, we demonstrated that a single dose of ITF2357 administered 24 h after injury improves neurobehavioral recovery and reduces tissue damage. ITF2357-induced functional improvement was found to be sustained up to 14 d after trauma and was associated with augmented histone acetylation. Single postinjury administration of ITF2357 also attenuated injury-induced inflammatory responses, as indicated by reduced glial accumulation and activation as well as enhanced caspase-3 expression within microglia/macrophages after treatment. Because no specific therapeutic intervention is currently available for treating brain trauma patients, the ability to affect functional outcome by postinjury administration of HDAC inhibitors within a clinically feasible timeframe may be of great importance. Furthermore, a growing body of evidence indicates that HDAC inhibitors are beneficial for treating various forms of acute CNS injury including ischemic and hemorrhagic stroke. Because HDAC inhibitors are currently approved for other use, they represent a promising new avenue of treatment, and their use in the setting of CNS injury warrants clinical evaluation. (13) (14) (15) (16) . Given the involvement of neurodegeneration in the pathophysiology of acute CNS injury and the profound effect of histone acetylation status on gene expression, recent work has focused on evaluating the use of HDAC inhibitors in stroke and CNS trauma models. A growing body of evidence indicates beneficial effects of these agents in both stroke and trauma, yet substantial issues affecting drug development must be resolved before these exciting findings can be translated into clinically applicable therapeutics.
CELLULAR PROTEIN ACETYLATION
Under normal conditions, stability of cellular acetylation homeostasis is preserved by maintenance of an appropriate balance between two discrete sets of enzymes that facilitate forward and backward modifications (17, 18) . These enzymes, HAT and HDAC, have been the focus of extensive research owing to the key role of histones in cellular function and disease (19, 20) . The activity of HATs and HDACs governs the level of histone acetylation. Generally, enhanced acetylation induces chromatin remodeling to a loosely packed configuration that enables subsequent gene transcription, whereas increased deacetylation fosters chromatin condensation and reduced gene expression. It should be noted, however, that nonhistone proteins linked to microtubule stability, metabolism and aging have also been shown to serve as substrates for certain HDACs (21) (22) (23) (24) , highlighting the importance of acetylation as a posttranslational mode of regulation.
Five main subtypes of HDACs have been identified in humans thus far (25) . Class I HDACs include HDACs 1, 2, 3 and 8, all of which harbor Zn 2+ -dependent deacetylase activity. Class II HDACs can be further subdivided into class IIa and class IIb isoforms, which, similar to HDAC class I enzymes, also require Zn 2+ for optimal activity. Class IIa HDAC enzymes (HDACs 4, 5, 7 and 9) display tissue-specific expression patterns and have been suggested to interact with various other proteins via an extended Nterminal domain (22, (26) (27) (28) . The HDAC IIb class includes HDAC 6 and HDAC 10. Interestingly, HDAC 6 contains two independent catalytic domains and deacetylases α-tubulin within the cytoplasm (22) . The exact functions of HDAC 10 remain unknown. Class III HDACs are also known as sirtuins. These enzymes display structural and functional divergence from other HDACs and require NAD + for their enzymatic activity (29) . Finally, class IV consists of a single member, HDAC 11, which shares certain characteristics with class I and class II HDACs, but has been suggested to facilitate different physiological roles (30) .
DISRUPTION OF ACETYLATION HOMEOSTASIS DURING NEURODEGENERATION
Maintenance of an adequate balance between the amount and activity of HATs and HDACs is pivotal for neuronal survival under normal conditions (12, 31) . As the HAT/HDAC balance profoundly affects chromatin arrangement and gene expression, any alteration disrupting this tightly regulated mechanism is likely to result in inadequate gene transcription and harbor detrimental effects on cell fate. Indeed, neurodegenerative states, involving significant cell death and loss of function, have been associated with disrupted acetylation homeostasis (18) . Particularly, several studies have established a global decrease in HAT activity during neurodegeneration, inevitably resulting in relative over-deacetylation (11, 12) . Importantly, rather than a quantitative surge, the tilt in acetylation homeostasis does not involve an increase in HDAC quantity or activity; it is due to the loss of balance stemming from reduced HAT activity.
The role of transcriptional dysregulation in Huntington disease was initially suggested (32) , prompting studies that demonstrated beneficial effects of HDAC inhibitor treatment in rodent models of this disease (14, 16, 33) . Subsequently, the efficacy of HDAC inhibitors was shown in other models of neurodegenerative pathologies including amyotrophic lateral sclerosis, Alzheimer disease, spinal muscular atrophy and experimental autoimmune encephalomyelitis (13, 15, 25, (34) (35) (36) . It is interesting to note that CNS injury such as stroke or trauma also shares some common pathologies with the early stages of Alzheimer disease such as neuroinflammation, accumulation of extracellular β-amyloid (Aβ) and hyperphosphorylated Tau protein. Moreover, traumatic brain injury (TBI) is thought to be an environmental risk factor for Alzheimer disease (37) and was found to accelerate Aβ deposition in humans (38) . It is therefore not surprising that HDAC inhibitors are being investigating for a wide array of neurodegenerative disorders. The wide-ranging neuroprotective potential indicated by this work, taken together with the fact that several HDAC inhibitors were already used clinically for other indications including epilepsy, sickle cell anemia and T-cell lymphoma (39) (40) (41) , and the vital need for developing new therapeutics for acute CNS injury, fueled research efforts aimed at evaluating the use of HDAC inhibitors for treating stroke and CNS trauma.
HDAC INHIBITOR TREATMENT FOR ACUTE CNS INSULTS
As mentioned, beneficial effects brought about by HDAC inhibitor treatment were demonstrated in a model of experimental autoimmune encephalomyelis (13) . Interestingly, these effects were shown to include a reduction in inflammatory responses, neuronal death and axon loss, alongside an enhancement in antioxidant and antiexcitotoxic capacity. Given the involvement of both inflammation and reactive oxygen species production in injury pathophysiology (2, 5) , it would be conceivable that HDAC inhibitors may also convey substantial benefits when tested in models of acute CNS insults. Several recent studies have used experimental stroke models for evaluating the effects of HDAC inhibitors on injury outcome. Beneficial effects induced by various agents harbor-ing HDAC inhibitor activity have been established in a range of focal ischemia models as well as in a model of intracerebral hemorrhage (ICH). Because this line of evidence has instigated a wide research interest that has been recently reviewed by others (42), we shall focus on highlighting key findings that are associated with common denominators of stroke and trauma and will proceed to review all available data regarding the effects of HDAC inhibitor treatment in the setting of traumatic CNS injury, a newly emerging topic with potentially significant clinical implications.
HDAC INHIBITORS IN ISCHEMIC STROKE AND ICH
Protective effects induced by various HDAC inhibitors have been shown in experimental models of focal CNS ischemia. Studies focused on evaluating the effects brought about by HDAC inhibitors belonging to two chemical groups, namely the small carboxylates sodium butyrate (SB), valproic acid (VPA) and sodium 4-phenylbutyrate (4-PBA) and hydroxamate-containing HDAC inhibitors trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA).
VPA, clinically used as an anticonvulsant and mood-stabilizing drug, was tested in transient and permanent middle cerebral artery occlusion (MCAO) rat models. Postinjury administration of this HDAC inhibitor led to a reduction in both lesion volume as well as ischemiainduced neurological deficits (43, 44) . Because improvement in functional outcome is undoubtedly a major end-point measure for evaluating the efficacy of any treatment given to stroke patients, the functional benefit of VPA demonstrated under experimental conditions represents an encouraging observation and an essential link when one considers the translation of experimental data to the clinic. Similarly, SB and 4-PBA have been shown to induce amelioration of tissue damage and improvement of functional outcome after experimental permanent MCAO and in a mouse model of hypoxia-ischemia injury (43, 45, 46) . The ability of postinsult treatment with SB to stimulate neurogenesis in the ischemic brain was also demonstrated recently (47) .
Hydroxamate-containing HDAC inhibitors TSA and SAHA were shown to convey a significant decrease in lesion volume after MCAO (43, (48) (49) (50) . A reduction of about 30% in the volume of infracted tissue was demonstrated 24 h after insult, and this result was augmented even further when lesion volume was measured at later time points (48) . A similar effect of TSA was shown after permanent middle cerebral artery occlusion, indicating the therapeutic efficacy of the compound in this more severe ischemic injury model (43) . A key finding of the latter report was the ability of postinjury administration of TSA to reduce ischemia-induced neurological deficits as well as lesion volume. However, it should be considered that in the majority of studies conducted thus far, HDAC inhibitor administration was initiated before (or immediately after) the onset of MCAO, measures that are not feasible when treating stroke-inflicted individuals. Nevertheless, the protective effects of the tested HDAC inhibitors were well established and have incited research efforts aimed at elucidating mechanisms that may underlie these benefits.
The notion that the protective role of VPA, SB, TSA and SAHA after ischemic CNS injury may be associated with their inhibitory activity is strengthened by observations indicating maintenance of adequate histone H3 acetylation levels upon treatment with these agents, as opposed to the robust decrease seen after ischemic insult in nontreated animals (43, 44, 49) . The protective effect against ischemia-hypoxia injury that is brought about by 4-PBA was not specifically attributed to its HDAC-inhibiting activity (46) . It should be considered in this context that all HDAC inhibitors tested in stroke models so far are known to exert substantial inhibitory activity on class I HDAC (51, 52) . Hence, it is conceivable that inhibition of histone deacetylation contributes to the overall protective effects obtained by treatment with these agents after ischemic CNS injury, at least in part. This notion is further supported by the ability of VPA, a compound displaying selectivity toward class I HDAC enzymes, to convey protection (43, 44, 52) .
As mentioned, the ability of HDAC enzymes to deacetylate nonhistone targets has been reported (21) (22) (23) (24) . Consequently, administration of HDAC inhibitors would induce a reduction in the deacetylation of nonhistone entities known to be targeted by HDACs, including transcription factors. Because several transcription factors regulating the expression of prosurvival molecules are deacetylated by HDACs, HDAC inhibitor treatment may lead to increased transcription of neuroprotective factors due to transcription factor activation (18) . In any case, reduced deacetylation of histones and transcription factors is expected to lead to increased expression of target gene products via enhanced transcription. Indeed, the protective effects obtained by HDAC inhibitor treatment in experimental models of ischemic stroke have been associated with increased expression of neuroprotective factors including heat shock protein 70 (HSP70), B-cell lymphoma 2 (Bcl-2), phosphorylated Akt (pAkt), gelsolin and p21 cip/waf1 (43) (44) (45) 49, 50) . However, the precise mechanism by which these factors are upregulated warrants further investigation. Interestingly, HDAC inhibitor administration was found to concomitantly reduce ischemia-induced upregulation of caspase-3 and p53 (43, 44) . This would suggest the involvement of multiple mechanisms in HDAC inhibitor-induced neuroprotection and may indicate that the effects of these agents on specific transcription factors may be time-or cell type-dependent (18, 53) .
In their study, Kim et al. (43) suggested that neuroprotection from permanent MCAO obtained by postinsult administration of HDAC inhibitors is likely to involve suppression of ischemia-induced inflammation, since they report on attenuated microglial activation and de-creased accumulation of cyclooxygenase-2 after treatment. These findings coincide with the recognized antiinflammatory properties of these compounds (54) and may contribute to overall functional improvement, given the detrimental implications of early inflammatory responses on brain injury outcome. However, as inflammation is now known to convey a time-and context-dependent dual role in the secondary cascade of molecular events after CNS injury, with both deleterious and beneficial implications on functional outcome, caution should be exercised when interpreting such findings. In particular, the limit of the timeframe during which suppression of inflammatory responses would be desirable should be considered when determining the appropriate dosing regimen for post-CNS injury HDAC inhibitor treatment (55, 56) .
ICH-induced inflammation has been shown to represent a key factor leading to secondary brain damage, suggesting that antiinflammatory approaches may be used to treat hemorrhagic stroke (57) . Despite this understanding, data regarding the possible use of HDAC inhibitors for this indication remain scarce, with only one published report directly addressing the issue. In their series of experiments, Sinn et al. (58) used a rat model of ICH to examine the effects of postinsult VPA treatment. A dose of 300 mg/kg VPA was administered intraperitoneally twice a day after ICH induction. This was found to result in augmented functional recovery up to 4 wks after injury, alongside reduced hematoma expansion and perihematomal cell death (58) . Similar to findings reported in ischemic stroke models, higher levels of acetylated histone H3 were observed after treatment compared with a control group. Additionally, the functional improvement was accompanied by increased expression of several effectors including the phosphorylated forms of extracellular signal-activated kinase (ERK) and its downstream target, cyclic adenosine monophosphate response element-binding (CREB), the neuroprotective factors HSP70 and pAkt and the antiapoptotic mediators Bcl-2 and Bcl-2 extra long (Bcl-xl). Concurrently, the expression of the pro-apoptotic factor Bcl-2-associated × protein (Bax) and caspase activities were reduced, suggesting attenuation of apoptotic cell death signals. The investigators further report on reduced mRNA levels of FAS ligand, interleukin-6, matrix metalloproteinase 9, chemokine (c-c motif) ligand (CCL)-4, CCL2 and tPA, yet the role of these changes in overall improvement remains to be further established. VPA also demonstrated considerable antiinflammatory effects, highlighted by attenuated inflammatory cell infiltration. Taken together, the results obtained using the ICH model indicate a protective role for VPA in hemorrhagic cerebral injury that is most likely mediated by several mechanisms that work in concert to yield the overall benefit. It is likely that these mechanisms include enhancement of neuroprotective factors, possibly via increased transcription, as well as an antiinflammatory effect. Altogether, the body of evidence regarding ischemic and hemorrhagic stroke supports the potential use of HDAC inhibitors in treating both forms of injury despite their divergent etiologies. Hence, HDAC inhibitor therapy may represent a common class of therapeutics with applications in both indications. Following the same line of thought, the pathophysiological similarities between stroke and TBI suggest that HDAC inhibitors may prove protective when administered in the setting of traumatic impact.
HDAC INHIBITORS AND TRAUMATIC CNS INJURY
CNS trauma and TBI in particular are a major health care problem worldwide. Approximately 1.5 million new TBI cases occur annually in the United States alone, with mortality rates ranging between 35-40% in severe patients (59). Despite the incidence of these injuries and their substantial socioeconomic implications, no specific pharmacological intervention is currently available for clinical use. Specifically, the efforts to develop new therapies for treating affected patients have repeatedly failed in translation from experimental lab data to the clinical setting. In light of this, identification of new therapeutic classes that may be applicable in TBI is of great importance. The accumulating data regarding the protective effects of HDAC inhibitors in stroke models has led to a growing interest in their potential usefulness in TBI. Although this issue has only been brought forth during the past couple of years, the available data indicate significant improvement in injury outcome and encourages further consideration of HDAC inhibitor therapy for treating traumatic CNS injuries.
It was initially reported that the HDAC inhibitor 4-dimethylamino-N-[5-(2-mercaptoacetylamino) pentyl] benzamide (DMA-PB), when given immediately after lateral fluid percussion, attenuates the postinjury decrease in acetylated histone H3 levels within hippocampal tissue (60) . This observation was accompanied by decreased density of phagocytic microglia within the same anatomical area and a slight decrease in neurodegeneration that did not reach statistical significance. These findings suggested that HDAC inhibitors such as DMA-PB may inhibit TBI-induced inflammation. However, the interpretation of these results was greatly hindered by several shortcomings of the initial report. First, the overall functional value of HDAC therapy was not shown. Second, as the ability to effectively intervene in posttrauma pathological processes is limited by a narrow timeframe for efficacious drug administration and belated arrival of injured individuals to the hospital (61), the ability to administer HDAC inhibitors within a clinically feasible timeframe after TBI must be addressed in the scope of evaluating their potential clinical value. Finally, it should be advantageous to conduct additional study in another experimental model that is of high relevance to the human pathological setting.
ENHANCED FUNCTIONAL RECOVERY AND ATTENUATED TISSUE DAMAGE AFTER POSTINJURY HDAC INHIBITOR TREATMENT
We conducted a series of experiments using the HDAC inhibitor ITF2357 (53) . These experiments examined the functional and molecular consequences of ITF2357 treatment in a well-established mouse model of closed head injury (CHI). ITF2357 was chosen as the candidate HDAC inhibitor in light of its potent pan-HDAC-inhibiting activity and favorable safety profile in humans (52, 62) . Mice subjected to CHI were treated with ITF2357 1 or 24 h after injury and displayed significant greater long-term recovery of neurological function compared with vehicle-treated mice. Moreover, ITF2357 significantly reduced the number of degenerating cells (evaluated by Fluoro Jade staining) on day 3 as well as day 21 after injury compared with control. Moreover, lesion volume (evaluated by 2,3,5-triphenyltetrazolium chloride [TTC]) was 22% smaller than in control (P ≤ 0.01) (53). Our results indicated that ITF2357 is beneficial in the setting of CHI, demonstrating for the first time the ability of postinjury HDAC inhibitor treatment to enhance functional, neurobehavioral outcome after brain trauma. Of particular importance was the sustainable benefit observed after a single administration of ITF2357 given 24 h after injury. As opposed to immediate postinsult administration, the interpretation of which is greatly limited by lack of clinical applicability, our data may be relevant to the treatment of TBI patients, since many arrive late to seek medical attention. It is noteworthy that a single dose of ITF2357 given at 24 h after injury was sufficient to induce improved functional recovery for over 1 week. Further study of even later time of administration or repeated postinjury ITF2357 dosing is warranted.
Similar to findings reported in ischemic stroke models (43, 49) , ITF2357 was found to reduce lesion volume after CHI. This result would indicate that postinjury administration of the compound not only facilitates improved functional recovery, but also reduces underlying tissue damage, a notion further corroborated by its ability to reduce the extent of neurodegeneration (53) . The neuroprotective properties of ITF2357 were associated with its ability to restore adequate histone acetylation levels. Particularly, HDAC inhibitor treatment attenuated the robust decrease in the levels of acetylated histone H3 observed in nontreated injured animals. This effect confirmed the availability and expected activity of ITF2357, and, as the attenuated decrease of histone H3 preceded the reduction in lesion volume and improvement in functional performance, may well have contributed to these benefits. Interestingly, HDAC inhibitor administration also attenuated the decrease in the levels of HSP70 after injury but only slightly affected pAkt expression. It should be noted in this context that the effects of HDAC inhibitors on both HSP70 and pAkt appear to be dose and agent dependent. Faraco et al. (49) demonstrated that the extent of the effect of SAHA on HSP70 varies with different administered doses. Additionally, these investigators did not observe any effect of SAHA on pAkt, whereas a significant induction was reported using SB or TSA (43) . As HSP70 and pAkt levels were evaluated at later times after CHI, the lack of any change in pAkt levels may reflect the presence of prominent apoptotic processes in the injured tissue within this timeframe (53, 63, 64) . Given the well-established neuroprotective nature of HSP70, a role for maintenance of higher levels of this factor in HDAC-induced neuroprotection from brain trauma is plausible. Furthermore, the similarity in the findings obtained in stroke and trauma models may indicate the involvement of common protective mechanisms in neuroprotection, including increased expression of HSP70. The precise mechanism by which HSP70 is upregulated in vivo remains unknown; yet, in vitro experiments suggest the involvement of the phosphatidylinositol 3-kinase/Akt pathway and Sp1 acetylation in its induction (65) .
HDAC inhibitors were shown to convey antiinflammatory effects in both stroke and trauma models-namely, a reduction in postinsult cyclooxygenase-2 levels and attenuated accumulation of phagocytic microglia (43, 60) . It was also shown that 4-PBA and SB inhibit inflammatory markers including nitric oxide, inducible nitric oxide synthase, interleukin-6 and tumor necrosis factor-α in vitro (46, 66) . After CHI, we demonstrated a reduction in microglia/macrophage accumulation within the injured tissue upon ITF2357 treatment (53) . Importantly, microglia/macrophages at the area of trauma were apoptotic, suggesting accelerated clearance of these cells from the injured tissue. At the same time, the number of astrocytes and their level of activation were also reduced, indicating a global reduction in the amount of inflammatory cells present after injury. It remains to be determined whether reduced post-CHI gliosis after HDAC inhibitor treatment is the consequence of enhanced clearance of activated microglia/ macrophages via apoptosis and whether it may involve additional mechanisms such as chemokine inhibition, as shown in models of inflammatory bowel disease and ICH (58, 67, 68) .
Certainly, the induction of tumor cell death by HDAC inhibitors is the basis for their clinical use in human cancer patients (69, 70) . As a matter of fact, acetylation of p53 has been proposed as a mechanism for tumor cell death induced by TSA, SAHA and ITF2357 (71) . After CHI, we observed an increase in total p53 levels within the trauma area after ITF2357 treatment. Given the presence of many glial cells within the tissue after injury, the involvement of p53 acetylation in microglial/macrophage apoptosis warrants examination and may well contribute to the antiinflammatory and functional effects of ITF2357.
Recently, the ability of VPA to provide neuroprotection from TBI and improve cognitive function was experimentally demonstrated. A set of studies using a rat brain trauma model was conducted in an effort to determine whether postinjury administration of valproate can decrease blood-brain barrier permeability, reduce neural damage and improve neurobehavioral outcome (72) . A dose of 400 mg/kg valproate administered intraperitoneally increased histone acetylation and reduced the activity of glycogen synthase kinase 3 in the hippocampus. When 400 mg/kg valproate was administered 30 min after injury, it improved blood-brain barrier permeability. The same dose was also effective in reducing cortical contusion and hippocampal dendritic damage and, most importantly, improved motor function and spatial memory. The observed enhancement in memory function may be associated with previous observations by the same group in which it was demonstrated that SB administration is capable of improving learning and memory in brain-injured mice when given concurrently with behavioral testing (73) . It should also be considered that HDAC inhibitors have previously been shown to augment memory and synaptic plasticity and promote neuronal outgrowth (74) (75) (76) . This occurrence was suggested to be mediated, at least in part, via CREB-binding protein-dependent p53 acetylation (74) .
VPA-induced neuroprotection was also demonstrated after optic nerve crush (77) . Specifically, increased survival of retinal ganglion cells was observed after subcutaneous VPA administration given twice daily at 300 mg/kg. A similar effect was obtained with a single intra-vitreal injection of VPA immediately after injury. In addition, axonal regeneration in culture was enhanced in VPA-treated retinal ganglion cells compared with controls. Molecular changes included a decrease in caspase-3 activity, induction of CREB and phosphorylated extracellular signal-activated kinase (pERK) but no change in histone acetylation. However, the VPA doses used in this study are rather high and may even be toxic. Indeed, in a recent study, Matalon et al. (78) compared the ability of VPA and ITF2357 to induce the expression of HIV-1 in a dose-response study that included the plasma concentrations of each HDAC inhibitor achieved in humans. The effects of VPA were achieved in concentrations that are often toxic to humans (in the mmol/L range), whereas ITF2357 yielded a more pronounced effect at lower 10 -5 concentrations. Thus, ITF2357 appears to be both a more promising and a safer candidate for clinical use as a neuroprotectant. Taken together, the studies conducted using CNS trauma models establish a neuroprotective role for HDAC inhibitor treatment after traumatic impact. The reported neurobehavioral beneficial effects have been associated with changes in various molecular pathways and suggest the involvement of several mechanisms in overall protection, as summarized in Figure 1 . The urgent requirement for identifying and testing new pharmacological entities for clinical use dictates the need for focused and efficient evaluation of the usefulness of HDAC-inhibiting compounds in the context of acute CNS injury. The main aspects warranting investigation are the unraveling of mechanisms that underlie HDAC inhibitor-mediated neuroprotection and, most importantly, resolution of issues concerning the safety and efficacy of this treatment.
CONSIDERATIONS IN PHARMACOLOGICAL DEVELOPMENT
Studies conducted using various HDAC-inhibiting compounds reveal their effectiveness in promoting neuroprotection and improving postinjury outcome. However, the majority of these studies used agents that display pan-HADC-inhibiting activity or, at the very best, partial class selectivity. In particular, the small carboxylate inhibitors used for evaluating the effects of HDAC inhibition in stroke models harbor HDAC class I selectivity in the case of VPA and are selective for both class I and class IIa HDACs in the case of SB and 4-PBA. Similarly, SAHA and TSA target both class I and class II HDACs. SAHA also targets class IV enzymes (51, 52) . The effects of HDAC inhibitors in CNS trauma have only been investigated using VPA, ITF2357, SB and MDA-PB, all of which are not selective toward a particular HDAC isoform (52, 79) . Hence, it remains unclear whether overall functional benefits result from multiple mechanisms activated concurrently or alternatively, whether functional improvement may be achieved by inhibiting individual HDAC isoforms. The ability to induce functional improvement by administering VPA indicates that increased histone acetylation contributes to neuroprotection. This result can be suggested since class I HDACs primarily target histones as substrates and are inhibited by VPA. However, because class II HDACs are capable of deacetylating nonhistone targets including transcription factors, their inhibition may well contribute to any increase in gene transcription occurring upon administration of a class I-class II combined inhibitor (SB, 4-PBA, SAHA and TSA). Furthermore, because each class of enzymes consists of several isoforms, it remains unclear whether a specific isoform can be implicated in facilitating a particular effect. It should also be noted that investigating the involvement of other classes of HDACs including HDAC IIb, III and IV in neuroprotection would require the design of inhibitors selective for these substrates. Although these issues are mechanistic in nature, they carry significant practical implications. Increasing the specificity of HDAC inhibitors is not only desirable for better defining underlying molecular mechanisms of action but, even more importantly, will reduce nonspecific side effects. Along these lines, the development of isoform-selective HDAC inhibitors has been pursued (80) (81) (82) (83) (84) . The usefulness of selective HDAC inhibition in shedding new light on the role carried out by specific HDACs in the context of acute CNS injury was demonstrated in a recent study by Rivieccio et al. (85) . In their report, these investigators show that selective HDAC6 inhibition protects against oxidative stress-induced neurodegeneration and promotes neurite growth in cortical neurons and dorsal root ganglion neurons (85) . Another study indicated that mercaptoacetamidebased HDAC inhibitors may provide protection that is not accompanied by the toxicity displayed by hydroxamate-based compounds at high concentrations (79) . This would indicate that selectively in-hibiting particular HDACs may still convey protection without interfering with the activity of other isoforms. However, one should bear in mind that narrowing the range of inhibitory activity may also compromise the desired beneficial effect. This concern highlights the fragile balance between the need to identify therapeutics that achieve sustainable overall functional improvement and, at the same time, to minimize undesired side effects. Altogether, it would appear that the benefits of applying pan-HDAC inhibitors for acute CNS treatment currently outweigh their disadvantages in terms of selectivity. This result is suggested given the narrow therapeutic repertoire for treating acute CNS injury-affected patients and the already approved clinical use of HDAC inhibitors such as valproate and ITF2357 for a variety of indications and in ongoing clinical trials (39, 40, 62) .
In addition to the issues outlined here, drugs administered for treating CNS disorders must also be able to efficiently penetrate the barriers separating this system from the periphery. Indeed, the ability of HDAC inhibitors to penetrate the bloodbrain barrier (BBB) and the blood-retina barrier is well established by their reported neuroprotective effects (43, 49, 53 ). Yet, it should be noted that the degree of barrier penetration may well vary with time after injury. Because BBB permeability is modified by various mediators present after either stroke or trauma, including reactive oxygen species, inflammatory cytokines and other factors affecting endothelial cells (86) (87) (88) , the effects introduced by a given dose of any drug should be established within a standardized timeframe, and the dynamic changes in BBB integrity must be considered when administering the drug systemically. Particular caution in determining the appropriate intervention schedule for HDAC inhibitor treatment is called for in light of its pronounced antiinflammatory effect. This step is warranted given that postinjury inflammatory responses within the CNS are known to convey both detrimental and beneficial roles in a time-and context-dependent manner (56, (89) (90) (91) . Hence, careful selection of the time at which an antiinflammatory agent is given after acute CNS injury is pivotal for assuring that it exerts a beneficial effect while not interfering with recovery processes. In regard to the potential practicality of applying HDAC inhibitors for treating acute CNS injury, findings demonstrating functional benefits obtained after administration as late as 24 h after injury and with Figure 1 . Functional and molecular effects of HDAC inhibitor treatment in stroke and CNS trauma. Examples of common cell damage mechanisms shared by traumatic CNS impact and stroke include excitotoxicity, calcium overload, oxidative stress, acute inflammation and apoptosis. The discovery that relative over-deacetylation is a hallmark of neurodegenerative disorders led to the hypothesis that its correction will improve injury outcome. HDAC inhibitor administration was shown to improve neurobehavioral performance, decrease lesion volume, reduce BBB permeability and attenuate neurodegeneration. This step has been suggested to be mediated by multiple mechanisms leading to the restoration of acetylation homeostasis, most likely involving augmented acetylation of histones as well as nonhistone targets, as described in the text. Functional improvement was associated with a multitude of cellular and molecular changes affecting factors known to convey neuroprotective or antiapoptotic properties and with anti inflammatory effects including attenuated gliosis as well as reduced levels of inflammatory mediators. Ac-p53, acetylated p53; COX-2, cyclooxygenase-2; GSK-3, glycogen synthase kinase 3; iNOS, inducible nitric oxide synthase; MMP9, matrix metalloproteinase 9; TF, transcription factor; TNFα, tumor necrosis factor-α.
repeated dosing are promising and encourage further pursuit of this new avenue of therapy (50, 53) .
FUTURE PROSPECTS
HDAC inhibitors represent a promising new class of therapeutics for acute CNS injury. As several of these compounds are already used clinically and reveal a favorable safety profile in humans, widening the range of indications for which they are used to include stroke and CNS trauma may provide an efficient and timely means of expanding the lacking range of therapeutic agents available for treating affected patients. Because optimization of the druglike properties and dosing regimen of candidate HDAC inhibitors will surely be required for successfully translating experimental data to the clinic, future research efforts and the development of novel HDAC inhibitors should focus on addressing these issues as well as unraveling particular mechanisms contributing to functional benefit.
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